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Abstract

As the inter-cell interference becomes a great challenge in frequency reuse one systems, soft frequency reuse (SFR)
has been widely used to deal with the severe inter-cell interference especially for cell edge users. This paper proposes
an analytical method to investigate the statistics of inter-cell interference in uplink orthogonal frequency division
multiple access systems when SFR scheme is adopted. Probability density functions of inter-cell interference in
different frequency bands are derived and then used to deduce the expectation and variance of inter-cell interference
from multiple interfering cells. The derivations are validated through numerical results. In addition, the relationship
between system parameters and the statistics of inter-cell interference in different frequency bands is investigated.
These contributions will give insights and guidelines for the system optimization.

1 Introduction

Orthogonal frequency division multiple access (OFDMA)
has been adopted in many wireless networks such as
IEEE 802.16 and the 3rd Generation Partnership Project
long-term evolution (LTE), due to many beneficial char-
acteristics. Meanwhile, as the limited frequency resource
becomes a bottleneck for the increasing data rate demand,
it would be better to reuse the available frequency among
each cell. However, inter-cell interference (ICI) will be
more severe for user equipments (UEs) in the cell edge
region. Many inter-cell interference coordination (ICIC)
techniques have been proposed to mitigate the problem.
One typical solution introduced in LTE [1] is soft fre-
quency reuse (SFR): (1) UEs in the cell center region which
experience/generate low interference and require low
power to communicate with their serving evolved NodeBs
(eNBs) are permitted to use the whole spectrum, and (2)
UEs in the cell edge region which experience/generate
strong interference and require high power to ensure reli-
able communication are constrained to be scheduled with
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a part of the spectrum, while these resources should be
allocated to UEs in the center region or not be used in
neighboring cells. With such resource scheduling limita-
tion among adjacent cells, SFR can be utilized to avoid
severe ICL Figure 1 demonstrates an example of the SFR
scheme for multicell cellular networks.

If statistical characteristics of ICI can be derived
through theoretical analysis, time-consuming system-
level simulations may be avoided. Therefore, researches
about statistics of ICI have received more and more
consideration recently. Some of them focus on analyz-
ing the statistics of signal-to-interference ratio or signal-
to-interference-and-noise ratio (SINR) analytically [2-6].
Others concern the probability density function (PDF)
of ICI or SINR. The conditional PDF of carrier-based
interference plus noise in downlink OFDMA networks is
derived in [7]. In [8,9], the PDFs of SINR and interference
are derived through analyzing the samples of system-
level simulations and checking several given hypotheses,
without deriving and validating the corresponding closed-
form expressions. In [10], the PDF of downlink SINR
in randomly located femtocells is given by analysis and
calculation. Recently, many analytical frameworks are pre-
sented to evaluate the distribution of downlink SINR
based on the Poisson point process modeling of nodes
[11,12]. These papers focus on the statistical analysis of
the downlink ICI in cellular networks.

© 2013 Zhu et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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Figure 1 Uplink interference model when SFR is adopted in cellular networks.
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For sub-band F1
Set-A: {eNB,, eNB,4, eNBg}
Set-B: {eNB;, eNB3, eNBs}

For sub-band F3
Set-A: {eNB;, eNBj3, eNBs}
Set-B: {eNB,, eNB,, eNB¢}

It is worth noting that in the downlink, the sources of
interference are eNBs which are fixed in cellular networks,
thus the scheduling scheme almost has no impact on the
ICI once the frequency reuse scheme is determined. How-
ever, the uplink interfering sources are UEs which may be
located anywhere in a cell. Moreover, in different schedul-
ing periods, an uplink frequency band may be allocated
to different UEs. As a result, the uplink interference will
show great fluctuation, and the analysis of the down-
link interference cannot be applied to analyze the uplink
interference directly. In [13], the PDF of SINR in ad hoc
networks is derived. Only one interferer is considered in
this scenario, and the derived results may not be applied
to cellular networks. The uplink ICI is investigated in [14]
by generating amounts of samples and then drawing a his-
togram without deriving a closed-form expression. The
uplink coverage probability in cellular networks is derived
in [15] when the power control scheme is involved, and all
the nodes are assumed to be randomly placed.

In this paper, the fixed infrastructure and randomly dis-
tributed UEs are considered in the model of cellular net-
works with SFR scheme. And for the channel model, the
path loss, shadowing, and Rayleigh fading are included.
Based on such system assumptions, the PDFs of ICI in dif-
ferent frequency bands are derived and used to deduce
the closed-form expressions for the expectation and vari-
ance. Furthermore, the impacts of many system param-
eters on the PDF, expectation, and variance of ICI are
investigated.

The rest of the paper is organized as follows. Section 2
introduces the system model. The PDF, expectation, and
variance of the uplink ICI in the frequency band allo-
cated to cell edge UEs in the cell of interest are derived
in section 3. And the corresponding statistical analysis of
the uplink ICI in the rest frequency bands are given in
section 4. In section 5, the numerical results are demon-
strated, and the influences of system parameters on the
uplink ICI are studied. Finally, conclusions are made in
section 6.

2 System model

Considering that in the actual deployment of cellular net-
works, the infrastructures are always fixed while UEs are
randomly distributed, and the propagation attenuation is
related to the distance. It is rational to model the cov-
erage area of a cell as a circular region. For simplicity,
the model of cellular network consists of a cell of inter-
est and its neighboring cells as depicted in Figure 1; the
serving eNB in the cell of interest is defined as eNBy,
and the other eNBs are denoted as eNB;(i = 1,2,...,,6).
Correspondingly, in each cell, the UE which is sched-
uled with a given frequency band is denoted as UE;.
Each cell is divided into two parts: the inner part which
represents the cell center region, and the outer part
which represents the cell edge region. Accordingly, the
UEs in the cell edge region are defined as exterior UEs,
and the UEs in the cell center region are defined as
interior UEs.
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For the SFR scheme, the whole frequency band is
divided into three sub-bands: F1, F2, and F3 as shown
in Figure 1. Exterior UEs are constrained to use one of
the sub-bands with high transmit power P;, while the
interior UEs can reuse the whole frequency band with a
reduced power Py (Pro < Pt1). In this paper, Py is set as
the full transmit power. UEs are assumed to be uniformly
distributed in the cellular networks, and all the frequency
bands are allocated to active UEs in every cell. In addition,
eNB schedule frequency resources independently under
the premise of allocating orthogonal sub-bands to cell
edge UEs among adjacent cells.

In uplink, eNBg receives the desired signal from UEg
and interference from UEs in the neighboring cells. The
signal link is represented by green solid arrow while the
interference links are represented by red dashed arrows in
Figure 1.

For the channel model, the distance-dependent path
loss, shadowing, and Rayleigh fading are considered.
These three parts are independent. The shadowing is
modeled as a lognormal random variable (RV), and
the gain related to Rayleigh fading is modeled as an
exponential-distributed RV. Besides, we assume that the
antenna pattern of both UEs and eNBs are omnidirec-
tional. Therefore, the uplink interference power from UE;
can be described as

I, = PaD; P H 1)

where I; indicates the received interference at eNBg, P;
denotes the transmit power of UE; which equals to either
Py or Py, D; represents the distance between eNBg and
UE;, @ and § are the path loss constant and exponent,
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respectively, aDi_ﬂ represents the path loss, & represents
the logarithmic shadowing in the unit of dB which is
assumed to be a zero-mean Gaussian RV with variance o2,
A = In(10) /10, and H represents the gain related to the
Rayleigh fading.

As the SFR scheme is adopted, the distribution of inter-
ference in sub-bands F2 and F1/F3 (we define F1/F3 which
represents ‘F1 or F3’ for convenience) will be different. In

the following, they will be analyzed separately.

3 Statistical analysis of the uplink ICl in

sub-band F2
Since the neighboring cells have identical relative loca-
tions to the cell of interest, it would be tractable to
analyze the interference from one interfering cell at
first and then extend to the multiple interfering cells’
scenario.

As shown in Figure 2, the cell radius is R, and the
intersite distance is ~/3R; eNBy is located at the origi-
nal point (0,0), and eNB; is located at (v/3R,0). In the
interfering cell, the inner disk represents the cell center
region, the green annular area represents the cell edge
region, and Ry = YR (0 < y < 1) indicates the radius
of the cell center region. The overlapping area between
the cell center region of the interfering cell and the cir-
cular region x? + y*> < D? is defined as A;, while A,
denotes the overlapping area between the cell edge region
of the interfering cell and the circular region x> + 32> <
D?.

Define X = ¥, Y = ozDi_ﬂ , and suppose that the trans-
mit power of UE is given, the random part of [; is XYH,

YA

T

x2 +y2 :DiZ

Cell edge region |

eNB

&

Figure 2 Single adjacent interfering cell model.
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where X, Y, and H are independent. The PDF of the prod-
uct of two independent RVs (e.g., Z = XY) is given by

fr= / %fx(x)fy(Z/x)dx @)

X

This could be used to derive the PDF of I; if the PDFs of X,
Y, and H are obtained.

The distribution of the shadowing & is modeled as zero-
mean Gaussian distribution which is denoted as N (0, 52),
thus, the PDF of X = e*¢ can be derived as

1 (Inx)?
m exp —m s X > 0 (3)

Since H represents the power gain of Rayleigh fading, the
PDF of H is modeled as

Jx(x) =

fir(h) = pe ™™ h >0 (4)

where p is the rate parameter and is always set as 1
traditionally.

3.1 PDF of the ICl in sub-band F2

For convenience, we define Lcenter represents the event
that UE; locates in the cell center region and Legge rep-
resents the event that UE; locates in the cell edge region.
From Figure 1, it is obvious that the received interfer-
ence at eNBj in sub-band F2 comes from the interior
UEs of the neighboring cells, which means that the event
Lcenter 0occurs. Therefore, from Figure 2, the conditional
cumulative distribution function (CDF) of D; equals to
the proportion of the area of A; to the area of cell center
region. That is

Sa,

Fd(Di| Leenter) = m

(5)

Sa, represents the area of Aj in Figure 2 and is shown as

D? + (3 — y»)R?
SA, =Di2 arccos (‘(y)

24/3D;R

3+ yHR? —D?
+ y2R? arccos (y)—’ (6)
243y R?
J6+2y2)R2D} — D} — (3 — y2)2RS
B 2

where (v/3 — y)R < D; < (/3 + y)R. Furthermore, the
conditional PDF of D; equals to the first derivative of CDF,
and it is given by

2D; D? + (3 - yHR?
Jfa(DilLcenter) = py arccos (’Zm

(7)
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Based on (7), it is easy to derive the conditional PDF of the
pathloss Y = ozD;’3 as

2y—2/B-142/B
fY(y’ Leenter) = >

nR*y2p
X arccos [al/ﬂy_l/ﬂ i y2)Ry1/ﬁ]
2V/3R 2/3al/p
8)
5 -p
where «o [(ﬁ + ]/)R] <Y < « [(\/g - )’)R] .
) %P _ alp _ B=yHR
Define E; = peaver E, = 2WBR 3 T QB the
conditional PDF of Y is

Sr (9| Leenter) = E1y~YP~1 x arccos [Ezyfl/ﬁ + E3y1/ﬁ]
)

The interference from the interior UEs in a neighboring
cell is I; = P, oXYH, and its PDF is derived as

1 *1 o
fI,' (1 |Lcenter) = 7/ *fH(h)/
Pt,() 0 /i 0 (10)

1
;fX ()fy [1/ (Pt,Oxh) |Lcenter] dxdh

Suppose that N represents the number of neighbor-
N

ing cells, Irp = > I; is the total received interfer-

i=1
ence in sub-band F2 from multiple neighboring cells.

As mentioned in section 2, each cell schedule fre-
quency resources independently. This indicates that in
sub-band F2, the ICI from the different neighboring
cells are independent and identically distributed (i.i.d.)
random variables. With the PDF of the ICI from sin-
gle neighboring cell, the PDF of Ip, is calculated by
the Nth order convolution of (10) as shown in (11),
where ‘ * ’ represents the convolution. The convolution
can be calculated using numerical calculation methods.

ﬁ]:z =fl,' (1] Leenter) * - - - *f[i (1] Leenter) (11)

N—th order convolution

3.2 Expectation and variance of the uplink ICl in
sub-band F2

As we know, many statistics of random variables will
demonstrate some important properties. For example,
the expectation of ICI can reflect the mean interfer-
ence level, and the variance of ICI will give insight
into the fluctuation of interference. In the follow-
ing context, the closed-form expressions of expectation
and variance of ICI in sub-band F2 will be derived
respectively.
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Since the shadowing X, path loss Y, and Rayleigh fad-
ing H are independent, the mth moment of I; could be
calculated as
E[U)"]=E[(PXYH)"]=P)" E[X"]E[Y"]|E[H"]

(12)
where E [()™] represents the mth moment of the corre-
sponding RV.

To get closed-form expressions for the moments of YV,
we use the power series of arccosine function to derive
an instituted expression of fy ( y| Lcemer).The instituted
expression is

£ (9| Leenter) = E1y~ /P ' arccos [Ezy‘l/ b+ Esyt/P]

=E1y’2/ﬁ 1: ZG Ezy

2n+1
+ E3y'/P) " }

00 2n+1

(2n+1)!
Z Zp' 2n+1—-p)!

x (Eay /P (Esy'/* )WH}

_ _ 7T
— By YA

T —2/8—
= by P

2

2n+1
2n + 1)!
IZ " Zp'<2n+1—p>'

y (EZ) J2n-1-p-2)/p

E3
(13)
) y i
where G, = -5 D) Thus, the conditional expecta
tion of Y is

o[ 3-r]”
aMo(B,v)
E[Y|Lcenter] = f ny(y|Lcenter)d1i = V()Tﬂﬁy

a[<f3+y>R]_ﬂ

(14)
where My(8, y) is shown as
2n+1
Mo(B,y) =Ao(B,v) — = ZBo(n) > Co(mp,By)
n=0 p=0
(15)
and Ao(B,v),Bo(n), Co(n,p, B, y) are
(V3= = (V3+777]
Ao(B,y) = (16)

B—2
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2n)!
B - 17
o (21 + 1)221(n!)2(24/3)21+1 (17)
[(ﬁ+y)2p—2n—ﬂ+1_(\/g_y)Zp—Zn—ﬂ-o—l:I
CO(}’l,p,lB,y): (2p_2n_ﬁ+1)
2n+1)!3 - y2)2n+17p
p'@2n+1-p)!

(18)

Similarly, the conditional mth moment of Y can be calcu-
lated as

o Mo(mp,y)
y2Rmﬂ
(19)

E| Ym| Leenter] = /yme(y|Lcenter)dy =

For the lognormal shadowing X, the expectation is

e 1 (lnx)2 1202
E[X]= X———exp|———— |[dx=¢ 2
A /0 N 2mwohx P |: 22202
(20)
And the mth moment of X is
oo 1 l 2
E[X"] = / x" exp | — ( nzx)z dx
0 N 2woix 200
1 +o00 t2
= — t\dt
v 2nok/ooexp|: 24202 - m]
1 f+m (t—mk202)2+m2A202 W
= exp|—
V2rorJ—co P 22202 2
mzAzcz
—e z
(21)
For the Rayleigh fading H, the mth moment is
00 1
E[H™] = / W e thap = 0 (22)
0 w
Hence, it is easy to derive the expectation of J; as
E[Ii |Lcenter ] = Pt,OE[X] E[ Y |Lcenter ]E[H]
(23)

_ ProaMo(B, J/)e#
1y RP

With (12), (19), (21), and (22), the conditional mth

moment of [; is

E [(Ii)m |Lcenter] = (Pt,O)mE[ m] E [Ym |Lcenter]E[Hm]
(Pt,oa)mMo(mﬁ,y)m! w2202
= Mmyszﬁ e ?

(24)
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Then, the conditional variance of J; is given by
V[Ii |Leenter ] = E[ (Ii)z |Leenter | = {E[ i [Lcenter ]}2

2 2.2
(Proa)” €@ 3202
= 12" 7 Mo(28,
PENSTL 0(2B,v) (25)
_ [MoB T
2
As the interference in sub-band F2 from neighboring cells
are iid. RVs, the expectation and variance of Iry are
shown as:

NPyoaMo(B,y) s
—— €

N
E[IFZ] = ZE[Ii|Lcenter] = MyzRﬂ

i1
(26)

N 2 1202
N (Ppa)“e
Var[lp] = Z V ar[Ii|Leenter] = W

i=1 i 27)
M ’
«Notto2p, o - o)
14
Considering that «, 8, and u are constants, the two statis-
tics of Iy are affected by R, Py, y, and o. Intuitively, the

expectation of I is proportional to P, R~#, and e#,
while the variance of Iy is proportional to Pgo and R%5,
The influence of y and o on the expectation and vari-
ance of Iy will be investigated through numerical results
in section 5.

4 Statistical analysis of the uplink ICl in sub-band
F1/F3

In this case, the interfering cells need to be differentiated
into two classes, due to different distributing scenarios of
interfering sources. In order to describe the two classes,
here we choose the ICI in sub-band F1 as an example.
From Figure 1, in the cells served by eNB,, eNBy, and
eNBg, the sub-band F1 will be allocated to only the inte-
rior UEs. Differently, eNB;, eNB3, and eNB;5 can allocate
sub-band F1 to all the connected UEs. For convenience,
we define the cluster of interfering cells which can allocate
the given sub-band to only the interior UEs as Set-A, and
the cluster of interfering cells which can allocate the given
sub-band to all the connected UEs as Set-B. Similarly, in
sub-band F3, the neighboring cells will be divided into the
two classes also. In Figure 1, the Set-A and Set-B for both
sub-band F1 and F3 are presented.

4.1 PDF of the uplink ICl in sub-band F1/F3

For both the transmitting power and the path loss depend
on the location of interfering UEs, the distribution of
interference from the cells of Set-A and the cells of Set-B
should be analyzed separately.
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For the scenario that interfering UEs are in the cells
of Set-A, the corresponding PDF of I; is fﬂSet—A) ) =
fi, (I Leenter). In the cells of Set-B, the interfering UEs
locate in either the cell center region or the cell edge
region. Define the product of P; and ¥ = ozD;ﬁ as K =
P.Y. The distribution function of K can be expressed as

Pset—p(k < K) = P(Lcenter; kK < K) + P(Ledge, k < K)
(28)
As we know, the joint distribution functions shown in (28)
can be calculated by
P(Leenters k < K) = P(Lcenter) P(k < K| Leenter) (29)
P(Ledge; k < K) = P(Ledge)P(k < K| Ledge)

Apparently, the probability of interfering UE being located
in the cell center region is P(Leenter) = y2, and the
probability of it being located in the cell edge region is
P(Ledge) = 1 — y2. Hence, the PDF of K can be derived
from the first derivative of Pser_p(k < K) as

dPset_p(k < K)
Jrcser-m) (K) = %

= ¥ *fi (K| Leenter) + (1 — ¥?) fic (K| Ledge)
J/2

= 7fY(I</Pt,O‘ Lcenter)
Py

1-»%

+ fY(I</Pt,1’ Ledge)
Py

(30)

From Figure 2, if the event Legge occurs, the conditional
CDF of D; equals the ratio between the area of A and the
area of cell edge region. That is

F;(D;| Ledge) = S#

d\ il Ledge) = (1 — yz)R2
where Sa, represents the area of A, in Figure 2 and is
given by

(31)

S ,(W3—=DR<D; < (3—-y)R

S1—Sa, »(W3—y)R<D; <(3+y)R

S1 — 7y’ R%L (V34 y)R < D; < (/3 + DR
(32)

Sa, =

S1 represents the overlapping area between the circular
region x> + y2 < D? and the interfering cell region (x —
«/§R)2 + y2 < R2, It is shown as

D? + 2R? 4R? — pD?
it ) + R%arccos ( L

S1 = D?arccos | —-——— _—
L ( 2v/3D;R 2/3R

\/8R2D? — D} — ars
B 2
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2 2
W arccos (D" 2R )
fd(Di|Ledge) ={ "0 ZIRDL

D;
—5——< | AaIrCCOS
TR2(1-y?) [ <2fRD,

Then, the conditional PDF of D; when Legge occurs can
be derived through the first derivative of F;(D;|Ledge). It is
given by

where the two distribution ranges of D; are given by ®; =

(V3= DR (V3= )R) U ((V3+ )R (V3 + DR],and

Dy = [(f — )R, (V3 + y)R].
Then, the conditional PDF of the path loss Y can be
derived as

(/)P 1

Sr(¥] Ledge) = v fia (/) P| Lege) (35)

Consequently, we could get that

D?42R? D?+(3—y2)R?
+ )—arccos(i‘ﬂ ) )],Diesz
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D € @ (34)

2v/3RD;

Similar to (11), the PDF of the total ICI in sub-band
F1/F3 shown in (38) can be derived using numerical cal-
culation methods.

4.2 Expectation and variance of the uplink ICl in
sub-band F1/F3

Based on the previous analysis, it is known that the expec-
tation and variance of interference from one cell in Set-A
are the same as the expressions presented in (23) and (25),
respectively. Therefore, the expectation and variance of
ICI from a cell in Set-B should be calculated to deduce the
two statistics of total ICI in sub-band F1/F3.

Using the same method of power series and polynomial
expansion which has been used to derive the substituted
expression of fy ( y‘ Lcemer) in subsection 3.2, we could get
that

arccos (Foy~ VP + F3y'/P) 0 € @y

— —2/p-1
JrOlledge) = F1y { arccos (Fpy~Y/# + F3y'/P) — arccos (Foy~Y/P + Fay'/P)

(36)
_ ~1/p = 2o
where ¢ 1; (y/aPy1) o Bo= aR2B(1-y?%) y %)’
@ _ R — _B=yIR
F2 — 2\/§R’ F3 = \/§((1)1/B, F4 - 2\/§(0{)1/’3'

Substituting (13) and (36) into (30), the PDF fyset—5 (k) can
be obtained. Then, for the scenario that interfering UEs
are in the cells of Set-B, the PDF of I; could be derived as

*1 *1
fI_(SCt—B) ) 2/ 7 H(h)/ —fx (%) fxsee—n) (I /xh)dxdh
i 0 0o X

)/2

*1 *1
=5 —fu (h) / —fx ®)fy
£0 Jo 0o X

x [1/ (Pt oxh) | Leenter | dxdh

Ptl / i / @y
x [1/ (Pe1xh)| Leage | dxdh

(37)

+

Suppose that M represents the number of cells in Set-A,
and Q represents the number of cells in Set-B. The total

M (Set—A)
interference in sub-band F1/F3 is Ir1/r3 = ) I ¢ +
i=1

Q

> Ilgset_B). For the interference from different cells in the
i=1
same class (Set-A or Set-B) are i.i.d. RVs, the PDF of Iry /r3
can be calculated by (M + Q)-th order convolution as

f1F1/F3 ZfIi(Set—A) Ko *fIIgSet—A) *flt_(Set—B) O *fll_(Set—B)

(38)

M—th order convolution Q—th order convolution

6@2

_ oMi(B) —aMo(B, y)

ElY ‘Ledge ] (1 _ 7/2) RB (39)
where M (B8) is shown as
2n+1
Mi(B) = Ar(B) — = ZBmz) Y Cimp,p)  (40)
p=0
and A1(8), B1(n), C1(n, p, B) are given by
[(«/§ — 1P - (V3+ 1)24’]
Ai1(B) = 52 (41)
2n)!
Bi(n) = 42
) = o D2 (3 “2)
(2n+1)! [(«/§+1)9 — (ﬁ_1)6]
Ci(mp, p) = — * ,
p!'(2n+1—p)! 0 %27

0=2p—-2n—pB+1
(43)
Furthermore, when Legge occurs, the 7-th moment of Y is
given by
aMi(mpB) — aMo(mpB, y)
(1—y?) R

E[ Y |Ledge 1= (44)
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Then, the expectation of interference from a cell in Set-B
can be calculated as

E[157P] = E[KSP] E[ X] E[ H]
= {P(Lcenter)Pt,OE[ Y |Leenter ]
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Using the corresponding statistics of interference from
one cell of Set-A and Set-B, the expectation and variance

M Q
of total interference Ir1/p3 = ) Ii(set*A) +> Il.(seth) are
i=1 i=1

+P(Ledge) PL1EL Y |Ledge 1} E[X]E[H] M Q
Pyaby(B) + (Pro — Po)aMo(,y) 2 ELIFI/E] = X;ESethUi] + X;ESethUi]
= e i= =
B
MR MPyaMo(B,y) 22
(45) =——F 5 —¢€°?
wy2RP
Moreover, the mth moment of interference from one cell n PoiaMi(B) + (Pro — Pe1)aMo(B, y) Q #
of Set-B is WRP €
(48)
m M Q
E| (11.(5“_3)) ] Var[Ip/p3] = Z Varsee—al 1i] + Z Varsei—g[ 1]
=1 =1
(Po10)"My(mB)+ (PI—PI)e"Mo(mB, y) ws2e? ‘ o
= o orB mle 2 M(Peoa)’er™ 5202
H"R ZW 2Mo(2B,y)e
(46) Hy (49)
2
With (45) and (46), the variation of interference from _ [Mo(B,v)]
one cell in Set-B can be calculated as y?
2,2020% 2 22242
a‘e 2Qu%e
V arset—s|[ 1] :Wz [ PE M1 (2B) T L2RF [PE M1 (2B)
+(Po — Pi)Mo(28, y)
;’(;02 ol ] (47) +(Py — PE)Mo(28,7)]
o-e 2.2
=~ |PeaMi(B) Qa2
W2R2B [ — W [Pt,1M1(,3)
2
+(Pro — Pr,1)Mo(B,y) 2
] +(Pyo — P,)Mo(B, v)]
0.12F e V07
- - .1F|/F3,y=047
v=0.9 — 1, =09
0.1 = = lpypy =09
0.08|- |
a8
a
™ 006 .
0.04}- .
002 |
0 ks 1 1 1 b
-120 115 ~110 105 ~100 95 -90
ICI(dBm) (6 =4dB, P =20dBm)
Figure 3 PDF of ICl with different y y =(0.7, 0.9).
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Table 1 System parameters

Parameter Assumption
Cell radius R 1,000 m
Transmit power of interior UEs Pro=17,20dBm
Transmit power of exterior UEs Py =23dBm

Omnidirectional
0dBi
1534 37.6l0g;qd, (dinm, dB)
ora =0.03,8=376

Antenna pattern of UE and eNB
Antenna gain of UE and eNB

Path loss model

Number of neighboring cells N=6
Number of cells in Set-A M=3
Number of cells in Set-B K=3
y 0.7,0.9
Standard deviation of shadowing o=46dB
Rate of Rayleigh fading n=1

The derived expressions shown in (48) and (49) are more
complicated than the corresponding statistics of /g, due to
the SFR scheme. Similar to Jpy, the expectation of If; /f3 is

proportional to R P and e# , and the variance of Ir1 /p3 is
proportional to R/, The impacts of y, P, and o on the
PDE, expectation, and variance of ICI will be investigated
through numerical results in the next section.

5 Analytical and numerical results

In this section, the impact of system parameters (y, P,
and o) on the PDF and statistics of ICI will be investi-
gated. Furthermore, the theoretical results are compared
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with Monte Carlo simulations to validate the derivations
of statistics.

5.1 Impact of y on the distribution of ICI.

As shown in Figure 3, the theoretical PDF of Ity and Ir1/r3
with two different values of y (y = 0.7,0.9) are presented.
The corresponding system parameters are presented in
Table 1.

Through the comparison between PDF of Iy and Ir1 /3
with same y, it is obvious that the distribution of /gy con-
centrates on a relatively low level, while the range of /1 /3
is wider in the high interference region. That is because
some exterior UEs which are scheduled with sub-band
F1/F3 in cells of Set-B may generate severe interference.
This difference validates the advantage of SFR scheme on
decreasing ICI for exterior UEs. Furthermore, the vary-
ing of y has different influence on the distribution of Iy
and Ir1/r3. Concretely, the distribution of Ir; becomes
more dispersed, and the probability of high interference
increases obviously with the increase of y. Because the
distribution region for the interior UEs is extended, some
interfering UEs will be closer to the cell of interest, and
some will be further away. However, the distribution of
Ir1/r3 tends to move to the low interference region slowly
as y increases. For the cells of Set-A, the increase of y has
the same effect on the distribution of ICI as Igy. Whereas,
increasing y will reduce the cell edge region for cells of
Set-B. Considering that the dominating interfering source
of Ir1/r3 are the neighboring exterior UEs, the increase
of y will result in lower probability for high interference.

T
i _IFz’ P[’O:ZOdBm |
=-= 'IFl/F3’ PL“:ZOdBm
— IFz’ PLO=17dBm
o1k - = 'IFl/F3’ Pl,():17dBm (|
P =20dBm
/ 0
0.08 B
o9
g
0.06f P =17dBm 7
0.04 B
0.02 B
'’
0 I I I S o -
-125 -120 115 -110 -105 -100 -95 -90 -85
ICI(dBm) (o =4dB, y=0.7)
Figure 4 PDF of ICI with different Py g (P = 17, 20 dBm).
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Table 2 Settings of P; o, 5, and y

Parameter Assumption

case 1: Pp=20dBm, o =4 dB
case 2:Pp=17dBm,o =4 dB
case 3:Pip=20dBm, o =6dB

y 0.3,04,05,06,0.7,08,09,1

Transmitting power and standard
deviation of shadowing

But the tendency of decreasing is not obvious due to the
two opposite effects for the different sets of cells (Set-A,
Set-B).

5.2 Impact of P on the distribution of ICI

The PDF curves of Igy and I3 with different values of
Py (Po = 17, 20 dBm) are demonstrated in Figure 4. For
Ir; is proportional to Py, the PDF curves of Irp moves to
the higher interference region without any change of the
shape with the increase of Py . Similarly, the PDF of gy /r3
near the lower bound moves to the higher interference
region with the increase of P,y because the weak inter-
ference of Ir1/r3 is mainly determined by the neighboring
interior UEs and is proportional to Py . However, the dis-
tribution near the upper bound keeps unchanged for the
high interference in sub-band F1/F3 is mainly determined
by some neighboring exterior UEs. As a result, the distri-
bution of Ir1/r3 becomes more concentrated in the high
interference region with the increase of Py .

5.3 Impact of o on the distribution of ICI
To investigate the influence of the shadowing on the dis-
tribution of ICI, the standard deviation of shadowing is set
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as 4dB or 6dB according typical settings of macro model
[16]. As depicted in Figure 5, both the distribution of I
and /r1/r3 are influenced by the shadowing greatly. As the
increase of 0, the distribution of the ICI in both sub-bands
becomes more dispersive. The reason is straightforward:
large standard deviation of shadowing means the vari-
ability of shadowing is great, and it will result in great
variability of the received signal or interference.

5.4 Impact of system parameters on the statistics of ICI
In this part, the statistics of ICI with different system
parameters (y, Pio, and o) are compared, and Monte
Carlo simulation results are presented to validate the
derived expressions of the expectation and variance.
Without loss of generality, the standard deviation of ICI is
investigated instead of the variance. In addition, it needs
to be mentioned that the truncated series of My(8,y),
Mo(28,y), M1(B), and M;1(2B) are calculated with the
highest order n = 30 to get the theoretical calculation
results. The settings of y, P, and o are shown in Table 2.

The expectation and standard deviation of ICI with dif-
ferent system parameters are depicted in Figure 6 and
Figure 7, respectively. The coincidence between theoreti-
cal calculations and Monte Carlo simulations validates the
derivations on the statistics of ICI. Particularly, y = 1
means that all cells reuse the whole frequency resources
completely. Therefore, the expectation/standard deviation
of different sub-bands are same when y = 1.

From Figure 6, the expectation of Ipp is smaller than
the expectation of Ir1/p3 when y < 1. Besides that, as y

T
s —1,, o=4dB [
' = = Iy 0=4dB
——1,,, ©=6dB
o1k = Ipypy 0=6dB ||
0.08 - B
3
g
0.06 B
0.04F e
0.02 e
~
~\
-~
0 1 i 1 1
-125 -120 -115 -110 -105 -100 —95 —90 -85
ICI(dBm) (y=0.7, P, =20dBm)
Figure 5 PDF of ICl with different o (0 =4, 6 dB).
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increases, the expectation of Iry tends to increase obvi-
ously, but the expectation of Ir1 /r3 will decrease slowly. In
addition, if Py is reduced, the expectation of Ip/p3 will
decline faster as y increases. The reason is that the influ-
ence of Py on Ir/r3 will be more significant if the interior
UEs occupy larger quantity in the interfering sources.
Differently, the expectation of Irp is proportional to Pyy.

Furthermore, as the shadowing and the path loss are inde-
pendent, it is observed that larger o will result in the
increase of the expectation of Iy and If1 /3 with the same
margin regardless of y.

Figure 7 presents the standard deviation curves of Iry
and /py/r3. With the given system parameters, the stan-
dard deviation of I is smaller than the standard deviation

-100
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-104

-106

Standard deviation (dB)

-110

=112
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Figure 7 Standard deviation of ICI.
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of Iry/p3. This demonstrates the higher fluctuation of
Ir1/r3 , which results from the more flexible scheduling
in the cells of Set-B. It needs to be noted that flexible
scheduling may result in more diversity gain, but the high
fluctuation of ICI will restrict the efficiency of link adap-
tive technology. Thus, the variance of ICI is important for
the system performance evaluation.

Besides that, the standard deviation of Iz increases as
y for the large cell center region will disperse Ir; in a
wider distribution range. Furthermore, the standard devi-
ation of Ipy is proportional to P¢o. However, for Ipy/r3,
the standard deviation almost retain the same value if
y < 0.8. Only when y approaches to 1, the decrease
of Py or the increase of y will result in the decline of
the standard deviation of Iri/p3. Briefly, the effects of
y and Py on the standard deviation of Iri/r3 become
significant only when y is large enough. The reason is
that the exterior UEs produce predominant fluctuation of
Ir1/p3 generally, but if y approaches to 1, few schedul-
ing will involve the exterior UEs, then [f1/p3 will mainly
depend on the interior UEs of neighboring cells. In addi-
tion, the standard deviation of both Ir; and If1 /f3 increase
as o, and the margin of increase only depends on the
shadowing.

6 Conclusions

This paper investigates the statistical model of uplink
ICI for OFDMA networks with SFR scheme. Through
analyzing the distribution of the path loss, shadowing,
and Rayleigh fading, the distributions of ICI in different
sub-bands are analyzed separately. Then, the closed-form
expressions of the expectation and variance of ICI are
derived through the method of power series expansion
and validated by Monte Carlo simulations. Based on the
numerical results, the impacts of system parameters on
the PDF and statistics of ICI in different sub-bands are
demonstrated. Concretely, for the sub-band scheduled to
the exterior UEs in the cell of interest, the varying of y
and Py has a significant effect on the distribution of ICIL.
For the rest frequency bands, the distribution range of
ICI is wider, and the expectation and variance of ICI are
much higher; the influence of y and P on the expecta-
tion of ICI will be significant only when the interior UEs
dominate most proportion of interfering sources. Besides
that, the standard deviation of shadowing shows a great
influence on the distribution of ICI. These derived results
can provide guidelines to the design of ICIC scheme
parameters and the system performance optimization.
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